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OPTICAL INTERCONNECT AND
CONNECTOR DEVICES

CROSS REFERENCE TO RELATED
APPLICATIONS

This application is a divisional of co-pending U.S. patent
application Ser. No. 11/777,170 filed Jul. 12, 2007 and
entitled OPTICAL INTERCONNECT AND CONNECTOR
DEVICES, which in turn claims priority of U.S. Provisional
Application Ser. No. 60/830,294 entitled OPTICAL INTER-
CONNECT AND CONNECTOR DEVICES filed Jul. 12,
2006, both of which are incorporated by reference herein in
their entirety for all purposes.

STATEMENT OF FEDERALLY SPONSORED
RESEARCH OR DEVELOPMENT

This invention was made with U.S. Government support
from the United States Air force under Contract FA8650-04-
C-3414.The U.S. Government has certain rights in the inven-
tion.

BACKGROUND

This invention relates generally to optical interconnects.

Current optical fiber connector and breakout/fanout tech-
nologies limit applications because the connectors are heavy,
large, and costly. Some of these conventional optical inter-
connects systems are too susceptible to contamination, as
from dirt, dust, and cooling fluids. Still other connector
devices are too sensitive to small misalignments or tempera-
ture fluctuations.

There is a need for optical connectors that are small and
potentially inexpensive. There is also a need for optical con-
nectors that are less susceptible to contamination and for
optical connectors that are less sensitive to small misalign-
ments or temperature fluctuations.

SUMMARY

In one embodiment, the system of these teachings includes
an array of optical fibers, an end portion of the array being
arranged such that each optical fiber from the array substan-
tially contacts at least two other optical fibers from the array
and an optical subsystem having a first end and a second end,
the end portion of the array being operatively connected to the
first end of the optical subsystem. Each optical fiber in the end
section is capable of emitting electromagnetic radiation and
the optical subsystem is capable of receiving the electromag-
netic radiation emitted by each fiber and forming an image
substantially at infinity (the optical subsystem being herein-
after referred to as an infinite conjugate optical subsystem or
as substantially collimating the electromagnetic radiation
emission from each optical fiber).

In another embodiment of the system of these teachings,
the embodiment includes another (a second) optical sub-
system having a first end and a second end, a first end of the
second optical subsystem being optically positioned to
receive electromagnetic radiation from the second end of the
first optical subsystem, and also includes another array of
optical fibers, an end portion of the other array being arranged
such that each optical fiber from the other array substantially
contacts at least two other optical fibers from the other array,
the end portion of the other array being operatively connected
to the second end of the second optical subsystem. Each
optical fiber in the second array of optical fibers is optically
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2

disposed such that each optical fiber from the second array of
optical fibers is capable of receiving electromagnetic radia-
tion from the second end of the second optical subsystem. The
end portion of the first array of optical fibers, the first optical
subsystem, the second optical subsystem, and the end portion
of the second array of optical fibers are optically disposed
such that electromagnetic radiation emanating from one opti-
cal fiber from the end portion of the first array is imaged onto
another optical fiber from the end portion of the second array.

Other embodiments of the system of these teachings are
also disclosed as well as methods for manufacturing the sys-
tem of these teachings.

For a better understanding of the present teachings,
together with other and further objects thereof, reference is
made to the accompanying drawings and detailed description
and its scope will be pointed out in the appended claims.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic representation of an embodiment of
an infinite conjugate imaging system as used in these teach-
ings;

FIG. 2 is a schematic representation of another embodi-
ment of an infinite conjugate imaging system as used in these
teachings;

FIG. 3 is a schematic representation of an embodiment of
the system of these teachings;

FIG. 4 is a graphical schematic representation of a compo-
nent of an embodiment of the system of these teachings;

FIG. 5 is another graphical schematic representation of a
component of an embodiment of the system of these teach-
ings;

FIG. 6 is a graphical schematic representation of another
component of an embodiment of the system of these teach-
ings;

FIG. 7 is another schematic representation of an embodi-
ment of the system of these teachings;

FIG. 8 is a schematic representation of another embodi-
ment of the system of these teachings;

FIG. 9 is another graphical schematic representation of a
component of yet another embodiment of the system of these
teachings;

FIG. 10 is another graphical schematic representation of a
component of a further embodiment of the system of these
teachings;

FIG. 11 is another graphical schematic representation of a
component of yet a further embodiment of the system of these
teachings;

FIG. 12 is a tabular representation of conventional optical
fibers used in embodiments of the system of these teachings;

FIG. 13 is another tabular representation of conventional
optical fibers used in embodiments of the system of these
teachings;

FIG. 14 is a schematic representation of yet another
embodiment of the system of these teachings;

FIG. 15 is a schematic representation of a further embodi-
ment of the system of these teachings;

FIG. 16 is a graphical schematic representation of ray trace
results for an embodiment of the system of these teachings;

FIGS. 17-21 are graphical schematic representations of
results from measurements utilizing an embodiment of the
system of these teachings; and

FIGS. 22-24 are schematic representations of yet further
embodiments of the system of these teachings.

DETAILED DESCRIPTION

Some embodiments of the present teachings are described
in FIGS. 1-8. One embodiment of the system of these teach-
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ings (this embodiment also referred to as Ultra-Dense Align-
ment Tolerant (UDAT) optical fiber connector system) uti-
lizes a pair of infinite conjugate imaging systems with pre-
aligned and rigidly fixed hexagonally packed fiber bundles.

The Ultra-Dense Alignment Tolerant (UDAT) fiber optic
connector embodiment is illustrated in FIG. 1. In the UDAT
connector, optical fibers are arranged in a tightly packed
array, which is aligned and affixed onto an infinite conjugate
rod lens. (It should be noted that other infinite conjugate
lenses are within the scope of these teachings.) As discussed
herein below, pairs of these lenses may then be used to form
substantially telecentric and alignment tolerant interconnec-
tion.

Some of the embodiments of the system of these teachings
that are shown herein below are related to the alignment
tolerant infinite conjugate imaging system disclosed in U.S.
patent application Ser. Nos. 11/385,449, 10/675,873, and
09/425,551 Embodiments are described in FIGS. 1 and 2.

Referring to FIG. 1, the imaging system shown therein
includes matched pairs of infinite conjugate rod lens imagers.
An optical fiber placed on-axis at the first rod lens 10 (left) is
imaged onto the fiber at the center position (¢) on the second
rod lens 20 (right). Many fibers can be simultaneously imaged
between other points such as those labeled (t) and (b) (See
FIG. 2). This imaging can be telecentric, giving rise to effi-
cient fiber coupling for fibers distributed across the face.

In many configurations this imaging is effectively telecen-
tric, which gives rise to very efficient fiber coupling for fibers
distributed across the face.

FIG. 2 depicts the imaging system disclosed in U.S. patent
application Ser. Nos. 11/385,449, 10/675,873, and 09/425,
551. The imaging system shown in FIG. 2 is tolerant of
misalignments in gap (separation between the lenses), lateral
translations, and angular misalignments (shown). Good qual-
ity imaging can be obtained from top (t) to bottom (B) field
points, allowing many optical fibers to be densely intercon-
nected (see FIG. 3).

In FIG. 2, real rays are shown for the case of a 4 mm
diameter rod lens pair separated by a 2.6 mm air gap. This
infinite conjugate rod lens imaging system, disclosed in U.S.
patent application Ser. Nos. 11/385,449, 10/675,873, and
09/425,551, exhibits tolerance to changes in the air gap length
and angular misalignments. In the system shown in FIG. 2,
each fiber output is transformed into a broad plane wave in the
air gap region, each at a different angle. Because the output
from each fiber is a wide collimated beam in this region, there
is this is insensitivity to lateral translations when compared to
other imaging interconnects. Further, contamination, dirt,
and oil films in this region only result in slow graceful deg-
radation of the coupled signals. In embodiments of the system
of'these teachings (UDAT-ultra dense connector technology),
an array of optical fibers is substantially rigidly fixed to each
of'the rod lens imagers 15, 35 as shown in FIG. 3 for an array
ot 96 optical fibers. In one embodiment, an alignment key is
used to orient the rod lens pairs relative to each other in the
UDAT connector.

Referring to FIG. 3, in the embodiment shown there in an
array of 96 optical fibers 50 (it should be noted that these
teachings are not limited to a given number of optical fibers)
is aligned on the face of a rod lens. In other embodiments,
many optical fibers are packed in a dense array, which is
aligned and affixed to the back of an infinite conjugate gra-
dient index rod lens 30 (it should be noted that other infinite
conjugate optical subsystems are also within the scope of this
teachings) which is used In an essentially telecentric align-
ment tolerant imaging configuration. In one instance, these
teachings not been limited to only that instance, the core of
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each of these fibers is 100 pm in diameter. An alignment key
40 is used to orient the rod lens pairs relative to each other in
the UDAT connector. An oblique view of the UDAT Connec-
tor embodiment is shown in FIG. 7.

FIG. 4 shows an embodiment (UDAT fiber array) including
19 fibers and compressed by a Teflon tube.

FIG. 5 shows fibers in an embodiment of the UDAT Con-
nector of these teachings.

Each fiber 55 has a core diameter of 100 um, and an outside
cladding/coating diameter of 172 pm. The tolerance of the
outside diameter is 2 um for unsorted fiber, opening the pos-
sibility of simple compression alignment of the bundle. An
imaged spot can be blurred to a diameter of 244 microns
before crosstalk is an issue.

An illustrative embodiment including a hexagonal packing
configuration for the fiber array on the face of the rod lens is
shown in FIG. 5. In the illustrative embodiment shown there
in, each fiber has a core diameter of 100 um, and an outside
cladding/coating diameter of 172 pm. The tolerance of the
outside diameter is 2 pm for unsorted fiber, allowing for
simple compression alignment of the bundle. An imaged spot
can be blurred to a diameter of 244 microns before crosstalk
is an issue. Detailed modeling of the imaging quality for this
configuration is described herein below.

FIG. 6 shows an embodiment including a 133-Fiber Hybrid
Superarray Geometry UDAT Array fabricated from 7 subar-
rays 60, each containing 19 optical fibers (it should be noted
that these teachings are not limited to only this embodiment).
Similar embodiments may lead to very inexpensive, high
performance UDAT arrays containing 49, 133, or 361 optical
fibers.

The UDAT connector embodiment is further illustrated in
FIG. 7.

Referring to FIG. 7, in an oblique view of an exemplary
embodiment, the dense array of 96 fibers 50 is prealigned to
the infinite conjugate rod lens imager 30 during manufacture.
Pre-alignment can be facilitated by compression aligning and
potting the fibers near the end, and subsequently polishing
and aligning the array as a unit. The unit is then aligned and
cemented to the rod lens (it should be noted that other means
of affixing or securing the fiber array to the infinite conjugate
lens are also within the scope of these teachings). An align-
ment key 40 is used to orient the array in the connector
system.

The embodiment shown in FIG. 7 mates with other con-
nectors using a simple connector sleeve, as shown in FIG. 8.

Referring to FIG. 8, an embodiment of the system of these
teachings (UDAT connector) is inserted in a connector sleeve
70 providing the required alignment. In one instance, the
alignment key mates to a slot in the sleeve (dotted line). (It
should be noted that the alignment key/mating slot combina-
tion is only one embodiment of the two corresponding align-
ment features of these teachings.) This connector system is
dense and insensitive to many field-misalignments. Further,
since each fiber output is a wide plane wave in the gap region
between connectors, this embodiment is insensitive to con-
tamination in the connector sleeve. In one instance, the UDAT
connector has a grip for insertion, and the dense 96 fiber
bundle can be wrapped in a jacket with an overall diameter of
less than 4 mm.

It is conventionally thought that cylinders naturally pack
into dense, hexagonal arrays. In addition to the 96-fiber array
shown in FIG. 3, a variety of simple hexagonal array geom-
etries are shown in FIG. 9. Here conventional hexagonal
arrays with six sides are formed with 7, 19, 37, and 61 fiber
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locations. In addition, by deleting the extreme vertex fiber
positions, more circular forms containing 31 and 55 fibers are
shown.

In embodiments of this system of these teachings, when
using heat-shrink tubing, uniform pressure is exerted from the
shrinking tube and the smaller the diameter of the packing
geometry, the lower energy state it will represent. As a result,
in some embodiments of systems of these teachings a circular
hexagonal packing configuration, such as shown in FIG. 4, is
obtained. The difference between the resultant circular hex-
agonal packing and the conventional hexagonal arrays is
shown in FIG. 10.

One explanation (not desiring to be bound by theory, these
teachings are not limited only to any one explanation) for the
preference of the hybrid circular-hexagonal packed geometry
is illustrated in FIG. 11.

FIG. 11 shows a density comparison of regular-hexagonal
and circular-hexagonal packing geometries. The dashed line
circumscribes the circular-hexagonal packing geometry (bot-
tom) and is overlaid on the regular hexagonal packing geom-
etry (top). The circular-hexagonal packing geometry is
slightly denser and minimized the overall array diameter—
and is therefore a lower energy state for the uniformly com-
pressive heat-shrink polymer wrap.

FIG. 11 shows a scale diagram for both the simple and
hybrid circular-hexagonal arrays. The dashed circle was
drawn to circumscribe the observed hybrid circular-hexago-
nal geometry. The same circle is shown over the expected
hexagonal form, and it is seen that the simple hexagonal
packing, while densest when allowing for an irregular bound-
ary, is not as dense when constrained by a circular boundary
as imposed by the recovering polymer jacket (which exerts a
restoring force proportional to the stretched displacement).

Embodiments of this system of these teachings can be used
with a broad range of fiber sizes and types. Some illustrative
options are shown in FIG. 12 and FIG. 13. The tolerances in
diameter for these off-the-shelf fibers allow for more accurate
locations of the fibers in the arrays.

In one instance, the smaller fiber count UDAT connectors
embodiments can be utilized for single mode fiber connec-
torization.

For example, but not limited to, a 7-fiber UDAT connector
can be utilized with single mode fiber. The primary misalign-
ment will likely be due to the variation in fiber core/cladding
diameters. However, for the 7-fiber UDAT connector, the
edge fiber positions will only be subject to a single fiber-pair
cascade in diameter variations. Consider typical single mode
fiber cases such as the conventional F-SMF-28 optical fiber.
The conventional F-SMF-28 optical fiber has a mode field of
9.3+/-0.5 microns, with a cladding diameter of 125+/-1.0
microns. A simple pre-selection process may refuse this
variation by half or more. Acceptable coupling efficiencies
may be obtained with UDAT connector embodiments cou-
pling single mode fibers in embodiments of UDAT fiber
arrays.

One embodiment of the method of these teachings for
high-fiber-number UDAT connector fabrication is to first
manufacture ultra-stable and repeatable subarrays of fibers,
such as with the 7 and 19 fiber UDAT arrays, and then to
arrange these subarrays themselves in stable “superarray”
formations. This embodiment is illustrated in FIG. 6. For
example, these teachings not be limited to only this example,
7-fiber arrays are extremely stable and repeatable. Seven sub-
arrays, each containing 7 fibers, can be arraigned in such a
hexagonal array, resulting in a repeatable 49-fiber UDAT
Superarray of these teachings. With a predetermined choice
of material for sub-assembly, the hexagonal shape of each of
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the subarrays 60 automatically orients each of the subarrays
rotationally as well as spatially in the superarray.

Similarly, in another embodiment, 19 of these 7-fiber sub-
arrays can form a stable, oriented 133-fiber UDAT array. The
same overall fiber number can be obtained by 7 subarrays,
each containing 19 fibers (See FIG. 6). There are some
tradeoffs between these dual 133-fiber Superarrays. For
example, one case has slightly less density while the other
case may be easier to rotationally align. Finally, since it was
shown that the 19-fiber array is highly stable, there is the
possibility that a superarray of 19 subarrays, each containing
19 fibers, would be stable and alignable. Such a construction
would potentially enable an ultra-dense 361-fiber UDAT
array that is inexpensive to manufacture and highly repeat-
able.

Another method of these teachings for improving the per-
formance of'the UDAT connectors of these teachings includes
the formation of UDAT fiber arrays with stripped coatings.
This technique produces arrays of fibers pressed cladding-to-
cladding (with no coatings), and several distinct benefits are
obtained. First, still higher densities can be obtained since
wasted coating space is eliminated. Further, higher coupling
efficiencies are expected since positional errors should
decrease—this is due to the fact that the variations in coating
thickness will no longer add to the positional errors of each
fiber center from its ideal lattice point.

Another embodiment of the system of these teachings
includes UDAT fiber connector, as shown in FIGS. 3 and 7,
and the Optical Data Pipe technology disclosed in U.S. patent
application Ser. Nos. 11/385,449, 10/675,873, and 09/425,
551 (referred to as board to board-optical data pipe (.BB-
ODP)). This embodiment is referred to as a Fiber Array Board
Interface (FABI). The UDAT Fiber Array Board Interface
embodiment is shown in FIG. 14. In this embodiment, the
UDAT connector is inserted into an Enclosure through a port
in the wall. Each of the fibers creates a plane wave at differing
angles, and these are all imaged onto a dense hexagonally
packed detector array in the BB-ODP module 90 (in one
instance, signals from a hundred fibers are converted to elec-
trical signals on the circuit board through solder bumps in a
footprint of only a few millimeters square) such as the optical
data pipe modules disclosed in U.S. patent application Ser.
No. 11/385,449, which is incorporated by reference herein.
(The BB-ODP module 90 shown there in includes another
infinite conjugate imager 95 and means 105, such as an array
of detectors where each detector has substantially a prese-
lected size, fixedly secured to an end of the other infinite
conjugate imager 95 for receiving electromagnetic radiation.)
The standard off-the-shelf alignment tolerances for boards in
a card cage are more than sufficient for the interconnection
shown (displacements on the order of millimeters are readily
tolerated).

A further use on the FABI embodiment is in direct fiber-
to-circuit board connectors. The UDAT embodiment can be
used to bring the optical signals directly from fiber cables to
circuit board interfaces, or alternatively, from dense UDAT
connectors in the chassis box to FABI connectors on the
circuit boards. These embodiments of the FABI Connectors
of these teachings contain an integrated high-density surface
optoelectronic module that converts the 96 or more signals
from a single UDAT connector to on-board signals, all with
the tiny footprint of a few millimeters across.

In this embodiment, the UDAT connector (right) is inserted
into the Enclosure through a port in the wall. Each of the fibers
creates a plane wave at differing angles, and these are all
imaged onto a dense hexagonally packed detector array in the
BB-ODP module (left). Here signals from a hundred fibers
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are converted to electrical signals on the circuit board through
solder bumps in a footprint of only a few millimeters square.
The standard off-the-shelf alignment tolerances for boards in
a card cage are more than sufficient for the interconnection
shown (displacements on the order of millimeters are readily
tolerated).

By combining the UDAT connector technology for foot-
print reduction on the outside of an enclosure, coupled with
the FABI technology linking the UDAT to the circuit board
with another gain in footprint reduction is obtained

In another embodiment, of the UDAT connector of these
teachings is utilized in a variety of fanout and breakout con-
figurations. For example, the UDAT embodiment can be uti-
lized in signal breakout and fanout configurations as illus-
trated in FIG. 15 and FIG. 49, as well as low EMI chassis
connectors and interconnects. In one instance, these teach-
ings not be limited only to that instance, micro-optic beam-
splitters 110 are used to couple the various UDAT connectors
120, 130, 140. In one embodiment, the beamsplitter 110 is
placed in the collimated-wave region of the infinite conjugate
interconnects.

A series of raytrace analyses of the UDAT connector con-
cept was performed using the ZEMAX optical design soft-
ware. One such real ray trace is shown in FIG. 16.

In the UDAT connector of these teachings the gap region
between the two lenses will be small, providing an essentially
telecentric imaging condition for the connector. This will
minimize coupling efficiency degradation toward the edges of
the optical fiber arrays.

If the fiber arrays are located on a surface of the infinite
conjugate gradient index rod lens, the array will be telecentric
for very small lens separations. Offsetting the fiber arrays
from the end surface slightly can accommodate larger lens
separations. The telecentric condition is useful for maintain-
ing large coupling efficiency at the edges of the fiber array,
since the bundle of rays will be centered on the acceptance
angle of the fiber.

FIG. 17 shows Real Rays for 10 Fiber Locations in a
Modeled UDAT Connector of these teachings.

Real rays are drawn for fiber locations on axis and at
heights 0f0.1,0.2,0.3,0.4,0.5,0.6,0.7,0.8, and 0.9 mm. The
telecentricity is important for maintaining a large coupling
efficiency.

The spot sizes were optimized at a partial field height in
order to increase the area over which the spot sizes remain
small. The largest excursion radius of any ray in this set is
18.9 microns at an object height of 0.9 mm.

Heat shrink polymer tubes (it should be noted that other his
shrinkable materials are within the scope of this teachings)
used in embodiments of the system of these teachings are
commercially available and described in available commer-
cial literature. The term heat-shrinkable jacket or tubing is
intended to include tubing, jackets, tapes, wraps or coatings
comprising heat-shrinkable materials that may be wrapped
around the desired portion of the optical fiber cable. The first
step in making a heat shrink polymer tube is to start with a
thermoplastic material that is extruded into tubes. Crystalline
bonds that are readily broken down by heating hold the ther-
moplastic tubes together.

The second step is to add a cross-linked superstructure
throughout the polymer tube material. This cross-linked
superstructure transforms the tube into a thermoset material,
and the tubes will no longer melt when heated.

The third step in making the heat-shrink polymer material
is to heat and expand the tube. In this process the crystalline
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bonds are broken and the cross-linked superstructure is
stretched, like a wire-mesh cage, to two or three times the
former tube diameter.

The fourth step is to rapidly cool the stretched cross-linked
tube. This allows the crystalline bonds to re-form, locking the
stretched tube into its expanded form with the potential con-
tractile energy stored in the “frozen” tube system.

Finally, to complete the heat-shrink polymer tube cycle, the
polymer tube is placed over the items to enclose and it is
heated again. This final heating melts the crystalline bonds
that are temporarily holding the stretched tube in its expanded
condition, and the tube now relaxes and tries to recover its
original diameter. This compresses the encapsulated material,
and relaxes stresses stored in the polymer. Upon cooling, the
crosslinked structure is further strengthened by re-formed
crystalline bonds.

This type of material process is utilized for the UDAT
Connector dense fiber array assembly and manufacture.

The types of polymers readily used in this process include
many materials such as polyolefin, neoprene, Teflon, and
Kynar.

In order to further illustrate the system of these teachings,
exemplary results from sample embodiments are shown
herein below. The first set of results presented relate to fiber
coupling efficiency relative to a standard FC-FC connector as
a function of fiber position in a UDAT fiber array of these
teachings. In this measurement, first the two FC fiber connec-
tors were coupled with a standard FC-FC (butt-) coupler, and
the power transmitted through both fibers and the standard
coupler was referenced as the 0 dB level. Then the input fiber
was aligned on the rear edge of the first (right) rod lens, and
coupled via the infinite conjugate imaging system to the
receive fiber located near the front edge of the second (left)
rod lens. The power transmitted through the two fibers and
UDAT connector feasibility prototype was then read relative
to the reference (See FIG. 18). Next, the transmit fiber was
translated across the rod lens by 10 micron steps (near the
edge of'the rod lens) or 20 micron steps (near the center of the
rod lens). At each of these positions, the receive fiber was
aligned for maximum coupling efficiency, and the coupling
efficiency was read in dB relative to the reference. This cou-
pling efficiency vs. displacement data is plotted in the curve
given in FIG. 18.

FIG. 18 depicts UDAT Coupling Loss (in dB) vs. Position
of the Input Fiber on the Rod Lens Face, Relative to A Stan-
dard FC-FC Coupler. As can be seen from FIG. 18, the cou-
pling efficiency is approximately as good or better than the
reference connector, and that the coupling efficiency is very
high over roughly half of the rod lens face aperture. This
suggests that UDAT array fibers bundled over the center 2 mm
diameter of the rod lens should exhibit high coupling efficien-
cies.

This procedure was repeated over a second scan across the
face of the rod lens, with a slight displacement from the first
scan. Both curves are shown together in FIG. 19. In the
embodiment measure, There were slight imperfections
(chips) on the edges of the rod lens, and it is believed that
those gave rise to the jagged variations at the sides of the
curves.

The above figures indicate that a large coupling efficiency
is obtained with the fibers in the center of the rod lenses and
that efficiency was maintained across nearly half of the width
of'the lens face. This implies that UDAT fiber arrays spanning
half of the width of the rod lens face should all exhibit rela-
tively high coupling efficiencies. As described earlier, this
result corresponds to high overall UDAT fiber connector den-
sities.
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A second set of measurements using the UDAT prototype
alignment testbed provides understanding of expected mis-
alignment sensitivities in the UDAT connector. In this mea-
surement, the receive fiber position was held fixed, and the
position of the transmit fiber was swept while monitoring
coupled power. The power coupled through the UDAT con-
nector is graphed in FIG. 20 as a function of the transmit fiber
displacement.

Referring to FIG. 20, the graph of coupled power vs. input
fiber position shown therein (output fiber location fixed)
reveals a wide positional misalignment tolerance of roughly
30 microns. Such a tolerance indicates tolerance to positional
errors in large UDAT fiber arrays of these teachings.

The receive fiber displacements represent the tolerance for
effects of varying fiber diameters in the UDAT fiber array.
Since not all fibers have exactly identical diameters, the posi-
tions of the fibers in the UDAT fiber arrays vary slightly from
the ideal.

This data of FIG. 20 shows a relatively wide positional
alignment tolerance for a specific fiber placement in an
embodiment of a UDAT array of roughly 30 microns (it
should be noted that these measurements are not a limitation
of these teachings).

A still further series of measurements, using a UDAT pro-
totype alignment testbed, of expected crosstalk levels in the
UDAT connector were performed. In the measurements
shown in FIG. 21, the receive fiber position was held fixed,
and the position of the transmit fiber was swept while moni-
toring coupled power—this time recorded in dB relative to the
peak coupling efficiency. The measurement data is plotted as
loss as a function of displacement in FIG. 21. As the transmit
fiber is walked off the receive fiber, the coupled power drops
rapidly to the —50 dB level, which is roughly the level of
accuracy of the power meter used in this measurement. This
data suggests that the level of crosstalk from one fiber to a
near neighbor will be less than —50 dB (it should be noted that
these measurements are not a limitation of these teachings).

Referring to FIG. 21, as one fiber is displaced from the
other, the coupled power drops to below —-50 dB crosstalk
levels very rapidly. The —-50 dB level corresponds approxi-
mately to the limit of the power meter used in the measure-
ment and actual crosstalk levels may be substantially lower.

An embodiment UDAT Connector of these teachings
applied to the enclosure applications as illustrated in FIG. 22.

Referring to FIG. 22, embodiments of a connector system
of these teachings and 160, 175 are shown coupling 96 fibers
150, 170 (other number of fibers including a higher number of
fibers are also within the scope of this teachings, and as
discussed hereinabove) to an enclosure 180 with a footprint of
only several millimeters. The Enclosure size and weight and
EMI cross-section are greatly reduced due the high density. In
some instances, low-loss ITO coatings on one or both of the
lenses 155, 165 increases the EMI isolation through the glass.
In another instance, the connector sleeve is easily shielded or
made from a metal.

Referring to FIG. 23, an embodiment of the UDAT Con-
nector of these teachings 185 (right) is inserted into the
through a port or connector in the wall 180. Each of the fibers
creates a plane wave at differing angles, and these are all
imaged onto a dense hexagonally packed detector array in the
matching BB-ODP module 190 (left). Signals from a hundred
fibers are converted to electrical, signals on the circuit board
through solder bumps in a footprint of only a few millimeters
square. The standard off-the-shelf alignment tolerances for
boards in a card cage are more than sufficient for the inter-
connection shown (displacements on the order of millimeters
are readily tolerated). The detector array 197 may be replaced
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with a source array, such as a VCSEL array, where electrical
signals on the board are converted to optical signals that are
coupled to the fibers using the FABI. Similarly, combinations
of light emitting and detecting elements may be tiled on the
board so that signals are received from some fibers and trans-
mitted out on other fibers. These embodiments are described
in U.S. patent application Ser. Nos. 11/385,449, 10/675,873,
and 09/425,551.

This fanout capability was discussed in hereinabove, and is
illustrated in FIG. 15. In addition to the fanout geometry of
FIG. 15, the embodiment shown in FIG. 15 is readily expand-
able to more complicated breakout and fanout geometries.
For example, another fanout/breakout geometry is shown in
FIG. 24 (these teachings not being limited only to the embodi-
ment shown in FIG. 24).

The UDAT connector technology is readily expandable to
more complicated breakout and fanout geometries as shown
in FIG. 24, and further is extendable to direct connection to
circuit boards. This flexibility is a further difference between
embodiments of the optical connector of these teachings and
conventional high-density connectors.

Although the invention has been described with respect to
various embodiments, it should be realized this invention is
also capable of a wide variety of further and other embodi-
ments within the within the spirit and scope of the appended
claims.

What is claimed is:

1. An optical connector comprising:

a face-polished unit comprising an array of optical fibers,
an end portion of said array of optical fibers, each optical
fiber of said array of optical fibers being substantially
parallel to each other proximate said end portion, and
said array of optical fibers being arranged such that at
least one optical fiber from at least a group of fibers from
said array being in substantially close proximity to at
least two other optical fibers from said at least a group of
fibers from said array, said face-polished unit terminated
in a single polished face;

an optical subsystem having a first end and a second end,
said second end not being a flat face slanted at an angle
to an optical axis; said single polished face of said face-
polished unit being actively aligned to and operatively
connected to said first end of said optical subsystem;
wherein a housing is not used in active alignment; at
least one optical fiber in said end portion of said array
emitting electromagnetic radiation; said optical sub-
system receiving the electromagnetic radiation emitted
by said array of optical fibers and forming, from the
received electromagnetic radiation, an image substan-
tially at infinity exiting said second end of said optical
subsystem; and

an alignment component disposed on said optical sub-
system; said alignment component enabling orienting
said array with respect to another array in another optical
connector; said alignment component configured to
align said array with respect to said another array with
respect a rotational degree of freedom about a center axis
of the optical subsystem.

2. The optical connector of claim 1 further comprising:

another optical subsystem having a first end and a second
end, said another optical subsystem being optically posi-
tioned to receive electromagnetic radiation from the sec-
ond end of said optical subsystem,

another array of optical fibers, an end portion of said
another array being arranged such that each optical fiber
from at least a group of fibers from said another array is
in substantially close proximity to at least two other
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optical fibers from said at least a group of fibers from
said another array; said end portion of said another array
being actively aligned to and connected to the second
end of said another optical subsystem; and

another alignment component operatively disposed on said

another optical subsystem; said alignment component
and said another alignment component enabling orient-
ing said array with respect to said another array;

each optical fiber in said another array of optical fibers

being optically disposed such that at least one optical
fiber from said another array of optical fibers receives
electromagnetic radiation from said second end of said
another optical subsystem;

said end portion of said array of optical fibers, said optical

subsystem, said another optical subsystem, and said end
portion of said another array of optical fibers being opti-
cally disposed such that electromagnetic radiation ema-
nating from one optical fiber from the end portion of said
array is imaged onto another optical fiber from the end
portion of said another array.

3. The optical connector of claim 2 wherein electromag-
netic radiation propagates from said optical subsystem to said
another optical subsystem through an air gap.

4. The optical connector of claim 1 further comprising:

another optical subsystem having a first end and a second

end, said another optical subsystem being optically posi-
tioned to receive electromagnetic radiation from the sec-
ond end of said optical subsystem, and

receiving means fixedly secured to said second end of said

another optical subsystem for receiving said emitted
electromagnetic radiation, said receiving means com-
prising an array of detectors, each detector from said
array of detectors having substantially a preselected
size;
said another optical subsystem having its first end spaced
apart and proximate said second end of said optical sub-
system,
said first end of said another optical subsystem and said
second end of said optical subsystem defining an air gap
therebetween; and

said end portion of said array of optical fibers, said optical

subsystem, said another optical subsystem-being opti-
cally disposed such said another optical subsystem
forms an image of electromagnetic radiation emanating
from at least one optical fiber from the end portion of
said array onto said receiving means, said image formed
onto said receiving means comprising an array of sub-
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images, each sub-image from said array of sub-images
having substantially a preselected size.

5. The optical connector of claim 1 further comprising:

an interconnecting component; said interconnecting com-
ponent comprising an alignment preserving subcompo-
nent disposed on an interior surface; said interconnect-
ing component adapted to receive said optical
subsystem at one end of said interconnecting compo-
nent; and said alignment component being operatively
engaged with said alignment preserving subcomponent.

6. The optical connector of claim 5 wherein said alignment

component and said alignment preserving subcomponent
comprise a protruding element and an indentation.

7. The optical connector of claim 5 wherein said intercon-

necting component comprises a sleeve.

8. An optical connector comprising:

a potted array of optical fibers comprising an array of
optical fibers, an end portion of said array of optical
fibers filled with a potting medium, the end of said potted
region defining an end surface of the potted array; each
optical fiber of said array of optical fibers being substan-
tially parallel to each other proximate said end portion,
and said array of optical fibers being arranged such that
at least one optical fiber from at least a group of fibers
from said array is in substantially close proximity to at
least two other optical fibers from said at least a group of
fibers from said array;

an optical subsystem having a first end and a second end,
said end surface of the potted array being actively
aligned, and operatively connected to said first end of
said optical subsystem; wherein a housing is not used in
active alignment; at least one optical fiber in said end
portion emitting electromagnetic radiation;

said optical subsystem receiving the electromagnetic
radiation emitted by said array of optical fibers and
forming, from the received electromagnetic radiation,
an image substantially at infinity exiting said second end
of said optical subsystem; and

an alignment component operatively disposed on said opti-
cal subsystem;

said alignhment component enabling orienting said array
with respect to another array in another optical connec-
tor; said alignment component configured to align said
array with respect to said another array with respect a
rotational degree of freedom about a center axis of the
optical subsystem.
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